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I. :NTWDUCTION

Liquid crystall’2 is a state of matter that is intermediate
between t’ B liquid state and the crystalline 9tattS. The
molecules of liquid crystalg can be rod-like, disc-like or bowl-
iite,3 In the crystal state, the molecules are arranged in a
perindic structure, and there is long range order of the
orientation Cf the molecules. In the liquid state, there are no
translational and orientational orders, and the molecules can move
rather freely. Liquid crystals are not as ordered as crystals,
but, also not as disordered as liquids. For example, In s~me
temperature range, the rod-like molecules of certain organic
compounds tend to align preferably along one direction, commonly
Iabelled by a unit vector n, the so-called director, while their
positions are in disorder. These anlsotrop+c liquids are called
nematic liquid crystals. Another example is the smectic liquid
crystals with one-dimensional order, The system can be viewed as
a set of two-a.imensionalliquid layern stack on top of each other.

Liquid crystal is a hiqhly nonlinear optical medium,’ This
1s because of the presence of K electrons which are extremely
susceptible to electromagnetic fields. In addition to nonlinear
?.lcs,liquid crystal research is important in various areas in

I)hysics,chemistry and biology. Furthermore, there are numerous
industrial applications for liquid crystals, e.g. in liquid
:.lystaldiSF]ay9 (LCL’s) and sensors, At present, the market size



for these various applications is about half killion dollars and
is growing rapidly.

In this paper, we will discuss theoretically the possible
existence of optical solitons in the isotropic liquid and in the
nematic phases. For the same compound, when heated , the nematic
phase will go through a first order transition at temperature Tc

to the isatropic liquid phase. As temperature increases from
below Tc, the orientation order parameter, Q, decreases, drops to
zero abruptly at Tc and remains zero for T B Tc.

II. ISOTROPIC LIQUID PHME

In the isotropic liquid
the presence of an electric

phase, the medium is isotropic. In
field Z (in the i direction, say),

dipole p is induced in the molecules.
.-

Due to the torque, pXE,
the molecules reorient and redistribute themselves. Near T=,

fluctuation of the order parameter Q is very large, resulting in
large optical nonlinearity.

The induced dipole is given by p-~t, where~ is the
macroscopic susceptibility tensor. Specifically

XYY - %Zz“z -+bQt

2
xxx ‘F+~~Q, (2,1)

where ~ is the average linear susceptibility [-f.l/3)(Xti+XyyWZz)]

and ~ is the anisotropic part.

According to the Landau-de Gennes theory, the free energy
can be expanded as

~
F-Fo+2 a(T-T*)Q2 + +0Q3+ ...

%-z(~+, Q) IE(0)12 , (2.2)

where T* is the supercooling temperature, a and 6 aru constants,
Near Tc, Q << 1, hence Q3 and higher order terms can be dropped
from (2.2)0 We then have

% - 0 - a(T-T*)Q - +~lE(w)12 . (2.1)



This implies

Q .+?$W - n21E12 , (2.4)

where nz is the nonlinear term in the refractive index defined by

n=zo+nzE2, n is the refractive index of an isotropic medium, and
nO 1S the lineax term.

For thermotropic liqtiidcrystals, e.g., M3BA, one may have
~-T* -1X, and so nz - 10-9 esu. This is much larger than the case

in ordinary liqu: ‘s for which n2 - 10-12 to 10-11 esu. For
Lyotropic liquid .~ystal such as C~PFO/H20, cesium perfluoro-

octa.~oaLein water, 5 one could have T-T* - 2X10-2K. And a could
be twenty times smaller than that in thermotropics (at least in
the DAC1/NH4Cl/H20 system6). We then expect n2 - 10-6 esu (or

-10-13 inks). This is to contrast with a much smaller n2 - iO-22
mks in S:02.

By,the same mechanism as iti~oked in ordinary isotropic
nedium, one expects opticai solitons t.ooccur in the isotropic
liquid phase of liquid crystals. The onlv difference is that in
the latter, nz is much larger and the effect should be much

pronounced. In fact, as given in Ref. 7, the distance over which
the effect of nonlinearity appears, i.e. the distance for Solitons
to form,

(2.5)

wtlere A is the wavelength, S iS the cross sectiGna: area of the
beam, Pc and Vg are the peak power and group velocity Of the wave,
respectively . FOZ Si02, if X=1.3 ~, Po=1O mW, LNL - 14 WII.
Instead, if liquid crystal is used, ~ - 1 pm. That is, the use
of a very thin liquid crystal cell ig sufficient to produce a
soliton fran an initial wave profile.

:11. NEMATIC PHASE - THERMAL EFFiSCT

Consider a haneotropically aligned (director n pe~endicular
to tte container walls) nematic liquia crystal cell of thickness
d, in the pre~ence of an electric field E which iz perpendicular
to n, Define tam CII-CL, where Cl,, CL are the para~lel and
perpendicular components of the dielectric tensor, If ca > 0, and
E < Eth, a certain threshold vllue, the molecules wlil remain



undisturbed due to the boundary effects. Po: E>Eth, the molecules

in the bulk will start to rotate and tend to align in parallel to
E. This is analogous to a second order phase transition, and is
called the Frederiks transition.1’2

gelow the Frecleriks transition, E < Eth, the medium is a

:zifarrri uniaxial material. Nonlinear optical properties still
exist because of the temperature dependence of ~ and tL(Fig. 1).

In this case, n2.drl/dT > 0.8 Because of this the~mal effect, we

still have n=no+n2E 2 and the nonlinear Schr6dinger (NLS)
equation, resulting in optical solitons. Note that n~ in this case

is much smaller than that in the isotropic liquid case discussed
in Sec. II,

Tc T

Fig. 1. TypiCal q and CLas functions Of T.

I“Jm NEl#iTICPHASE - REORIENTATION EFFEC7

We now ccnsider the case of E > Eth (i.e., above the

Frederiks transition) in the nematic phasewhere the dielectric
cmstant, ilj, i9 given by

(4.1)

W!if:rt? r.- (nl,n~,nl)- (sins, O, cosO). Equivalently



(Eij)= (4.2)

Above the Frederiks transition, reorientation of molecules occur.

o ‘1 + Eacos%

If the cell is thick enough, we can ignore the boundary effects
md assume Oto be independent of z. Specifically,

(4.3)

where ~ is the maximum director angle occurring at the center of
the cell, and Eth = (x/d)(4TCK/Ca)l’2.2 Here, K is an elaStiC
constant. For E ~ Eth# 0<< 1 and

Sir)%-e* - & (E+th)- 2 (E2-Et~),
z

From Maxwell equations (in Cgs units),

(4.4)

(4.5)

where Di - cijEj. Let ~ be the dizection perpendicular to the

glass plates of the huneotropic nematic cell, and assume a light
beam linearly polarized with E = (E(y,z,t),O,O), which satisfies
V.E=O ider,tically. From the vector identity, Vxm - -V(v”u-v%.
(4.3) becomes

Substituting (4,4) into (4,6), we have

where
al s (3cl-2~)/c2,

Followi,,qRef. 9, we set

(4.7)

and az w 2ta/(Et.c2) , (4.8)

E - A(y,z,t) ~i(w-kz~ + C.C. , (4.9)



where A(y,z,t) is a slowly varying complex amplitude. E’{ (4.7)
and (4.9), me gets

(a~a?-k2)A -
aA a2A

2ik~+2icq~ +~ + a&l A12A - 0. (4.10)

Cansider the linearized case, i.e. A = constant and the nonlinear
term is small, we have the linear dispersion relation, ala?-k2 =0.

in the weakly nonlinear region, we can assume m and k still
satisfy the linear dispersion relation. Then (4.10) becomes

a + a2u?lA12A + 2imal~
h2

-2ikj$=0.

In the stedy state, (4.11) beccrnes

(4.11)

(4.12)

which describes self-focussing. On the other hand, if A is

independent of z, or a new “time” varitile is introduced so that
after scaling, we have

(4.13)

Equation (4.13) describes self-phase
have NLS equation and hence optical
z in (4.12) can be resealed to give

modulation. In both case; we
solitons. For example, A and

(4.14)

which has the soliton solutiong given by

(4.15)

where the free parameters are the amplitude 27, the carrier phase
4, the envelop*speed”4~and the envelop phase yo.

v. CONCLUSION

Liquid crystals are excellent materials for studying
nonlinear optical effects and solitons.10 In this paper, we show
that optical solitons can be generated easily in the isotropic



liquid phase due to the large magnitude of n2. In the nematic

phase it is possible to generate Cptical solitons either through
the thermal effect below the Frederiks transition, or threugh the
reorientation effect above the Frederiks transition.
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